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Here we describe a novel vaccine vector for expressing human immunodeficiency virus (HIV) antigens. We show that recombinant attenuated yellow fever vaccine virus 17D expressing simian immunodeficiency virus SIVmac239 Gag sequences can be used as a vector to generate SIV-specific CD8
؉ T-cell responses in the rhesus macaque. Priming with recombinant BCG expressing SIV antigens increased the frequency of these SIVspecific CD8
؉ T-cell responses after recombinant YF17D boosting. These recombinant YF17D-induced SIVspecific CD8
؉ T cells secreted several cytokines, were largely effector memory T cells, and suppressed viral replication in CD4 ؉ T cells.
None of the vaccine regimens tested in human immunodeficiency virus (HIV) vaccine efficacy trials to date have either reduced the rate of HIV infection or reduced the level of HIV replication. Structural features and the enormous variability of the envelope glycoprotein have frustrated efforts to induce broadly reactive neutralizing antibodies against HIV (10) . Investigators have therefore focused their attention on T-cellbased vaccines (40) . Simian immunodeficiency virus (SIV) challenge of rhesus macaques vaccinated with T-cell-based vaccines has shown that it is possible to control virus replication after SIV infection (22, 41, 42) . The recent STEP trial of a recombinant Ad5-vectored vaccine was widely seen as an important test of this concept (http://www.hvtn.org/media/pr /step111307.html) (9, 25) . Unfortunately, vaccinees became infected at higher rates than the controls (9) . While it is still not clear what caused the enhanced infection rate in the vaccinated group, future Ad5-based human vaccine trials may be difficult to justify. We therefore need to develop new vaccine vectors for delivering SIV and HIV genes. Several other viral vectors currently under consideration include nonreplicating adenovirus (Ad)-based vectors (1, 21, 22) , Venezuelan equine encephalitis (VEE) virus (12, 20) , adeno-associated virus (AAV) (19) , modified vaccinia virus Ankara (MVA) (3, 4, 13, 15, 18, 38) , NYVAC (6), cytomegalovirus (CMV) (16) , and replicating Ad (30) . However, only a few of these have shown promise in monkey trials using rigorous SIV challenges.
We explored whether the small (11-kb) yellow fever vaccine flavivirus 17D (YF17D) might be a suitable vector for HIV vaccines. The YF17D vaccine is inexpensive, production and quality control protocols already exist, and it disseminates widely in vivo after a single dose (27) . Importantly, methods for the manipulation of the YF17D genome were recently established (7, 8, 24, 28) . This effective vaccine has been safely used on Ͼ400 million people in the last 70 years (27) . Additionally, the YF17D strain elicits robust CD8 ϩ T-cell responses in humans (26) . Chimeric YF17D is presently being developed as a vaccine for other flaviviruses, such as Japanese encephalitis virus (28) , dengue virus (14) , and West Nile virus (29) . Inserts expressing a malaria B-cell epitope have been engineered into the E protein of YF17D (7) . In murine models, recombinant YF17D viruses have generated robust and specific responses to engineered antigens inserted between the 2B and NS3 proteins in vivo (24, 35) .
We first used the YF17D vaccine virus to infect four Mamu-A*01-positive macaques. The vaccine virus replicated in these four animals and induced neutralizing antibodies in all four macaques by 2 weeks postvaccination ( Fig. 1A and B) . To monitor the CD8 ϩ T-cell immune response against YF17D, we scanned its proteome for peptides that might bind to Mamu-A*01 using the major histocompatibility complex (MHC) pathway algorithm (31) . We synthesized the 52 YF17D-derived peptides most likely to bind to Mamu-A*01 based on their predicted affinity for this MHC class I molecule. We then used a gamma interferon (IFN-␥) enzyme-linked immunospot (ELISPOT) assay to screen these peptides in YF17D-immunized animals at several time points after vaccination and dis- ϩ T cells after vaccination with YF17D based on the expression of the proliferation and proapoptotic markers Ki-67 and Bcl-2, respectively (26) . We stained whole blood cells with antibodies against CD3 and CD8. We then permeabilized and subsequently labeled these cells with Bcl-2-and Ki-67-specific antibodies. The flow graphs were gated on CD3 ϩ CD8 ϩ lymphocytes. (E) Expression kinetics of Ki-67 and Bcl-2 in CD8 ϩ T cells after vaccination with YF17D.
were recognized in vivo (Fig. 1C) . Using a previously reported protocol (26), we also observed CD8 ϩ T-cell activation in all four animals ( Fig. 1D and E). Thus, as was observed previously, the YF17D vaccine virus replicates in Indian rhesus monkeys (36) and induces neutralizing antibodies, yellow fever 17D-specific Mamu-A*01-restricted CD8 ϩ T-cell responses, and CD8
ϩ T-cell activation. We next engineered the YF17D vaccine virus to express amino acids 45 to 269 of SIVmac239 Gag (rYF17D/SIVGag 45-269 ) by inserting a yellow fever codon-optimized sequence between the genes encoding the viral proteins E and NS1. This recombinant virus replicated and induced neutralizing antibodies in mice (data not shown). We then tested the rYF17D/SIVGag 45-269 construct in six Mamu-A*01-positive Indian rhesus macaques. We found evidence for the viral replication of rYF17D/SIVGag 45-269 for five of these six macaques ( Fig. 2A) . However, neutralizing antibodies were evident for all six animals at 2 weeks postvaccination (Fig. 2B) . Furthermore, all animals developed SIVspecific CD8
ϩ T cells after a single immunization with rYF17D/SIVGag 45-269 (Fig. 2C) . To test whether a second dose of this vaccine could boost virus-specific T-cell responses, we administered rYF17D/SIVGag 45-269 (2.0 ϫ 10 5 PFU) to four macaques on day 28 after the first immunization and monitored cellular immune responses. With the exception of animal r04091, the rYF17D/SIVGag 45-269 boost did not increase the frequency of the vaccine-induced T-cell responses. This recombinant vaccine virus also induced CD8 ϩ T-cell activation in the majority of the vaccinated animals (Fig. 2D) .
We could not detect differences in vaccine-induced immune responses between the group of animals vaccinated with YF17D and the group vaccinated with rYF17D/SIVGag 45-269 . There was, however, considerable animal-to-animal variability. Animal r02034, which was vaccinated with YF17D, exhibited massive CD8 ϩ T-cell activation (a peak of 35% at day 14) (Fig.  1E) , which was probably induced by the high levels of viral replication (16,800 copies/ml at day 5) (Fig. 1A) . It was difficult to see differences between the neutralizing antibody responses induced by YF17D and those induced by rYF17D/SIVGag 45-269 ( Fig. 1B and 2B) . However, neutralizing antibodies in animal r02013 decreased by 5 weeks postvaccination. It was also difficult to detect differences in the YF17D-specific CD8 ϩ T-cell responses induced by these two vaccines. Peak Mamu-A*01-restricted CD8 ϩ T-cell responses against YF17D ranged from barely detectable (animal r02110 at day 11) (Fig. 1C) to 265 spot-forming cells (SFCs)/10 6 peripheral blood mononuclear cells (PBMC) (animal r02034 at day 28) (Fig. 1C) . Similarly, three of the rYF17D/SIVGag 45-269 -vaccinated animals (animals r04091, r04051, and r02013) made low-frequency CD8 ϩ T-cell responses against the Mamu-A*01-bound YF17D peptides, whereas the other three animals (animals r03130, r02049, and r02042) recognized these epitopes with responses ranging from 50 to 200 SFCs/10 6 PBMC (Fig. 2C) . For almost every rYF17D/SIVGag 45-269 -vaccinated animal, the Gag 181-189 CM9-specific responses (range, 50 to 750 SFCs/10 6 PBMC) were higher than those generated against the Mamu-A*01-restricted YF17D epitopes (range, 0 to 175 SFCs/10 6 PBMC), suggesting that the recombinant virus replicated stably in vivo (Fig. 2C) . Thus, the recombinant YF17D virus replicated and induced both virus-specific neutralizing antibodies and CD8 ϩ T cells that were not demonstrably different from those induced by YF17D alone.
Most viral vectors are usually more efficient after a prime with DNA or recombinant BCG (rBCG) (4, 11, 15, 18) . We therefore used rYF17D/SIVGag 45-269 to boost two macaques that had been primed with rBCG expressing SIV proteins (Fig.  3A) . We detected no SIV-specific responses after either of the two priming rBCG vaccinations. Unfortunately, while the recombinant YF17D virus replicated well in animal r01056, we found evidence for only low levels of replication of rYF17D/ SIVGag 45-269 on day 5 postvaccination for animal r01108 (7 copies/ml) (Fig. 3B) . Both animals, however, generated neutralizing antibodies at 2 weeks postvaccination (Fig. 3C) . Encouragingly, we detected high-frequency CD8 ϩ T-cell responses in the Mamu-A*01-positive macaque (animal r01056) after boosting with rYF17D/SIVGag 45-269 (Fig. 3D to F) . These responses were directed mainly against the Mamu-A*01-restricted Gag 181-189 CM9 epitope, which is contained in the peptide pool Gag E (Fig. 3D) . Furthermore, the boost induced a massive activation of animal r01056's CD8 ϩ T cells, peaking at 35% at 17 days postvaccination (Fig. 3E ). Of these activated CD8 ϩ T cells, approximately 10% were directed against the Gag 181-189 CM9 epitope, with a frequency of 3.5% of CD8 ϩ T cells (Fig. 3E ). These epitope-specific CD8 ϩ T cells made IFN-␥, tumor necrosis factor alpha (TNF-␣), macrophage inflammatory protein 1␤ (MIP-1␤), and degranulated ( Fig. 3F and data not shown) . Thus, an rBCG prime followed by a recombinant yellow fever 17D boost induced polyfunctional antigen-specific CD8 ϩ T cells.
Vaccine-induced CD8 ϩ T cells are usually central memory T cells (T CM ) or effector memory T cells (T EM ). These two subsets of CD8
ϩ T cells differ in function and surface markers (23) . Repeated boosting drives CD8 ϩ T cells toward the T EM subset (23) . We therefore determined whether a rBCG prime followed by a rYF17D/SIVGag 45-269 boost induced T CM or T EM CD8 ϩ T cells. Staining of PBMC obtained on day 30 postvaccination revealed that the SIV-specific CD8 ϩ T cells were largely T EM cells since the majority of them were CD28 negative (Fig. 4A) . Furthermore, these cells persisted with the same phenotype until day 60 after vaccination (Fig. 4B) . It was recently suggested that T EM cells residing in the mucosae can effectively control infection after a low-dose challenge with SIVmac239 (16) .
We then assessed whether rYF17D/SIVGag 45-269 -induced CD8 ϩ T cells could recognize virally infected CD4 ϩ T cells. We have shown that these vaccine-induced CD8 ϩ T cells stain for tetramers and produce cytokines after stimulation with synthetic peptides (Fig. 3) . None of these assays, however, tested whether these SIV-specific CD8 ϩ T cells recognize SIVinfected cells and reduce viral replication. We therefore used a newly developed assay (39) to determine whether vaccineinduced CD8 ϩ T cells can reduce viral replication in CD4 ϩ T cells. We sorted tetramer-positive (Gag 181-189 CM9-specific) lymphocytes directly from fresh PBMC and incubated them for 48 h with SIVmac239-infected CD4 ϩ T cells expressing Mamu-A*01. We assessed the percentage of CD4 ϩ T cells that expressed SIV Gag p27 (data not shown) and the quantity of virus in the culture supernatant (Fig. 4C) . Vaccine-induced CD8 ϩ T cells reduced viral replication to the same extent as that seen with Gag 181-189 CM9-specific CD8 ϩ T cells purified during the first 10 days after vaccination with two different doses as measured by Q-PCR using the YF17D-specific primers described in the legend of Fig. 1. (B) Titer of neutralizing antibodies determined at 2 and 5 weeks after rYF17D/SIVGag 45-269 vaccination. The low levels of neutralization for animal r02013 were observed in three separate assays. (C) Fresh PBMC from vaccinees (100,000 cells/well) were used in IFN-␥ ELISPOT assays to assess T-cell responses against the YF17D vector (red) and the SIV Gag(45-269) insert (black) at several time points postvaccination. We measured YF17D-specific responses using the same epitopes described in the legend of Fig. 1 . For SIV Gag-specific responses, we used 6 pools of 15-mers overlapping by 11 amino acids spanning the entire length of the SIVmac239 Gag insert. In addition, we measured Mamu-A*01-restricted responses against the dominant Gag 181-189 CM9 and subdominant ϩ T cells (39) . Forty-eight hours after the incubation of various ratios of SIV-infected CD4 ϩ T cells and Gag 181-189 CM9-specific CD8 ϩ T cells, the supernatant was removed and measured for viral RNA (vRNA) copies per ml by Q-PCR. We observed no suppression when effectors were incubated with CD4 ϩ targets from Mamu-A*01-negative animals (data not shown). Animal rh2029 was infected with SIVmac239 (viral load, ϳ10 5 vRNA copies/ml) containing mutations in 8 Mamu-B*08-restricted epitopes as part of another study (37) . Animal r01080 was vaccinated with a DNA/Ad5 regimen expressing Gag, Rev, Tat, and Nef and later infected with SIVmac239 (viral load, ϳ10 3 vRNA copies/ml) (42) . Animal r95061 was vaccinated with a DNA/MVA regimen containing Gag 181-189 CM9 and was later challenged with SIVmac239 (undetectable viral load) (2).
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on July 12, 2017 by guest http://jvi.asm.org/ Downloaded from from three SIVmac239-infected rhesus macaques, including an elite controller rhesus macaque, animal r95061 (Fig. 4C) .
The most encouraging aspect of this study is that rBCG primed a high-frequency CD8 ϩ T-cell response after boosting with rYF17D/SIVGag 45-269 . These CD8 ϩ T cells reached frequencies that were similar to those induced by an rBCG prime followed by an Ad5 boost (11) . Even without the benefit of the rBCG prime, the levels of CD8 ϩ T cells induced by a single rYF17D/SIVGag 45-269 vaccination were equivalent to those induced by our best SIV vaccine, SIVmac239⌬Nef. Recombinant YF17D generated an average of 195 SFCs/10 6 PBMC (range, 100 to 750 SFCs/10 6 PBMC) (n ϭ 6), whereas SIVmac239⌬Nef induced an average of 238 SFCs/10 6 PBMC (range, 150 to 320 SFCs/10 6 PBMC) (n ϭ 3) (32). It is also possible that any YF17D/HIV recombinants would likely replicate better in humans than they have in rhesus macaques and thus induce more robust immune responses. Also, rBCG was shown previously to be effective in humans (5, 17, 33, 34) and may be more useful at priming T-cell responses in humans than it has been in our limited study with rhesus macaques. These two vectors have longdistinguished safety and efficacy histories in humans and may therefore be well suited for HIV vaccine development.
